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ABSTRACT 

Cryodeposits which form on the cryogenically cooled walls of a 
space simulation chamber can change the wall reflectance and thus 
alter the thermal balance of the test vehicle.    In this study,  H2O and 
CO2 cryodeposits of thicknesses up to 1.8 mm were formed on a 
77°K surface under vacuum.    The spectral reflectances of these 
deposits were measured in situ with an integrating sphere for angles 
of incidence from 0 to 60 deg.    At the smaller deposit thicknesses, 
the reflectance showed a strong dependence on both thickness and 
angle of incidence,  whereas at larger thicknesses the dependence 
was less.    A theoretical model developed for reflectance determina- 
tion of absorbing and scattering media gives a good representation 
of the thickness dependence of water cryodeposit reflectance except 
at very small thicknesses where interference effects are known to 
occur. 
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SECTION I 
INTRODUCTION 

Space simulation in ground test facilities requires the chamber 
walls to be black to maximize the absorption of the incident solar simu- 
lator radiation.    To reduce chamber wall emission and increase the 
system pumping capacity,  the walls are cooled to a temperature near 
77°K.    However,  the cryopumping of gases by these cold surfaces forms 
cryodeposits which will alter the wall reflective properties.    This 
change in wall reflectance may influence the degree of space simulation, 
but the thermal test data can be corrected by knowing the radiative 
properties of the cryodeposits.    These properties will depend on the 
cryodeposit thickness,  the incidence angle and wavelength of the inci- 
dent radiation,  the substrate material,   and the temperature and pres- 
sure at which the deposits were formed.    The dependence of cryodeposit 
reflectance on wavelength has been previously discussed in Refs.   1-4. 
This work is concerned primarily with the effects of the other param- 
eters and of test gas flow rate and cryodeposit species.    For normal 
space chamber operation,  the cryodeposits most likely to form on 77°K 
surfaces are water and carbon dioxide.    Therefore,  these were the two 
cryodeposit species investigated. 

SECTION II 
EXPERIMENTAL APPARATUS AND PROCEDURE 

To measure the reflectance of a surface,  the radiation incident on 
the surface and the radiation reflected must be known.    For specular 
reflecting surfaces,   capturing all of the reflected energy is a relatively 
simple matter,  but for diffuse reflecting surfaces some kind of hemi- 
spherical collector is required.    For this reason,  integrating spheres 
and hemispherical reflectometers have been found to be the most con- 
venient and accurate systems for obtaining reflectances of diffuse and 
semidiffuse (not perfectly specular) surfaces.    Since cryodeposits are 
essentially diffuse reflectors for wavelengths in the solar region,  one 
of the two aforementioned systems was required for cryodeposit reflect- 
ance measurements.    The integrating sphere was chosen since its theory 
is well established and vacuum connections could be conveniently made 
to a sphere.    Normally,  an integrating sphere is operated at atmos- 
pheric conditions.    However,   since space chamber cryodeposits are 
formed in vacuum,  the deposits investigated in this study had to be 
similarly formed.    The reflectance measurements also had to be made 
in situ since subsequent exposure to atmosphere could alter the deposit 
by formation of impurities and change of the crystal structure. 
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A 12-in. -diam integrating sphere was fabricated and coated in- 
ternally with magnesium oxide (MgO) approximately 1 to 2 mm thick. 
The sphere was composed of two flanged hemispheres which were 
vacuum sealed by an O-ring (Fig.   1).    It was mounted on a vacuum sys- 
tem equipped with a 4-in. -diam oil diffusion pump and an ion pump. 
Either or both of the pumps could be valved off from the sphere.    With 
this vacuum system,  pressures in the low 10~7 torr range could be 
easily achieved.    The test surface was one face of a hollow copper 
cryopump,   1 by 1-1/2 by 2-1/2-in.  in outside dimensions,  which could 
be cooled to approximately 77°K by circulating liquid nitrogen (LN2) 
through it.    To limit cryopumping to the copper cryosurface,  the LN2 
transfer lines were vacuum jacketed.    The 1-1/2- by 2-1/2-in.  face 
used as a test surface was either maintained as a bare polished copper 
surface or coated with a selected black epoxy paint.    All other portions 
of the cryopump surface and the vacuum-jacketed transfer lines were 
smoked with MgO.    The cryopump could be rotated through 270 deg so 
that either the front or back surface could be illuminated.    This allowed 
the opposite side of the test surface to be used as the MgO reference 
surface and reflectance measurements to be made for various angles of 
incidence. 

The test surface was irradiated with monochromatic radiation by 
the optical arrangement shown in Fig.   2.    Radiation from a 200-w 
tungsten-iodine lamp was focused on the entrance slit of a single-pass 
Perkin-Elmer monochromator having a calcium fluoride prism as the 
dispersing element.    The monochromatic radiation was then focused on 
the test surface by an off-axis mirror.    By using a magnification of 1, 
the irradiated test surface area was identical to the monochromator 
slit area,   0. 5 by 12 mm.    Intensity measurements of the radiation on 
the sphere wall were obtained using an end-on photomultiplier tube 
which has anS-1 response and is sensitive to wavelengths between 0.35 
and 1. 2 /u . 

The reflectance measurements were made using the angular- 
hemispherical technique.    In this technique (Fig.   3) monochromatic 
radiation is incident on the test surface at a given angle i>,  measured 
from the surface normal,  and the radiation reflected strikes the hemi- 
sphere facing the test surface and is then reflected diffusely throughout 
the sphere.    After multiple reflections within the sphere,  the intensity 
at the wall is measured by the photomultiplier tube to obtain an output 
value Bx   s.    The test surface is then rotated 180 deg so that the radia- 
tion entering the sphere is incident on the MgO coating on the back side 
of the test surface.    The energy reflected from the MgO surface is 
similarly detected,  and the reading B\ j MgO i-s taken as the reference 
value for that particular wavelength.    It should be noted that the detector 
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does not view the first reflection from the wall for either the sample or 
reference measurements.    From the two detector readings,  B^   s and 
Bä, MgO>  the spectral reflectance p^    g of the test surface can be 
determined from the equation 

'   A,S A, S / 1  \ 

P\, MgO BA,  MgO 

From Eq.  (1) it is seen that the ratio of B^   s to B^   y[gO gives the 
spectral reflectance relative to the MgO reflectance at the same wave- 
length.    However,  the reflectance of MgO is near unity (from 0. 95 to 
0. 98) over the wavelength range investigated,   and,  hence,  the relative 
reflectance values can be interpreted as approximate absolute values. 

Before each set of experiments,  the interior of the integrating 
sphere and all areas in the cryopump assembly except the test surface 
were cleaned and recoated with MgO.    In this manner freshly prepared 
MgO coatings were always used.    The pressure in the chamber was 
then reduced from atmosphere to approximately 10~5 torr using the dif- 
fusion pump,   after which it was valved off and the ion pump started.   The 
ion pump has the advantage that the further possibility of oil backstream- 
ing is eliminated.    The base pressure obtained in the system was about 
1 x 10"? torr.    After the pressure in the system stabilized,  reflectance 
measurements were made as functions of wavelength and angle of inci- 
dence for the test surface at room temperature (300°K).    Similar meas- 
urements were made for the MgO surface at 300°K and were taken as 
the reference values for all cryodeposit reflectance measurements 
made during the experiment.    After completion of these measurements, 
the LN2 flow was started and the test surface cooled to 77°K.    Then 
reflectance measurements were made again.    At this point the ion pump 
was shut off and a known flow rate of test gas,   either H2O or CO2,  was 
started.    As the gas entered the sphere,   it was cryopumped by the LN2- 
cooled cryosurface,  forming a deposit over the entire surface area.    At 
the end of a specified time interval,  the flow of test gas was stopped. 
After time was allowed for the remaining gas in the chamber to be cryo- 
pumped,  reflectance measurements were made for the test surface 
which was now coated with a layer of cryodeposit.    On completion of the 
measurements,  the flow of the test gas was again started and a thicker 
layer formed.    This procedure was continued until the cryodeposit 
reflectance had essentially reached a plateau.    At this plateau,  the cryo- 
deposit thickness was from 1 to 2 mm,   depending on the cryodeposit 
species and the angle of incidence and wavelength of the radiation. 
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The cryodeposit thickness was calculated from the following equa- 
tion: 

o mt lav = -Ä^r (2) 

where üav i-s the average thickness over the entire cryosurface,  rh is 
the mass flow rate of the test gas,  t is the time of flow,  Ac is the entire 
surface area of the cryosurface,  and D is the cryodeposit density.    A 
density of 1. 5 gm/cm.3 was taken for the CO2 deposits since they were 
formed at pressures between 10~3 and l torr (Ref.   2),   and the density 
of the water deposits was assumed to be 0. 9 gm/cm.3 (Ref.   5).    The 
H2O deposits were formed for water vapor flow rates of 1. 01 x 10"3 

gm/sec and 1. 44 x 10~3 gm/sec.    The CO2 deposits were formed at 
flow rates of 2. 4 x 10"3 gm/sec and 2. 6 x 10~4 gm/sec. 

During deposition the chamber pressures varied from 10"3 to 
1 torr and depended on the flow rate,  species of the test gas,   and 
thickness of the cryodeposit which had already been formed.    In general, 
the rate of pressure rise increased with deposit thickness,  indicating 
that the capture coefficient decreased as the thickness increased.    This 
increased rate of pressure rise was not due to a buildup of condensable 
gas impurities since these were removed by the diffusion pump before 
each set of reflectance measurements. 

SECTION III 
RESULTS AND DISCUSSION 

3.1   THIN FILM EFFECTS (0 to 0.05-mm Thick) 

Variations in test vehicle temperatures due to cryodeposits on 
space chamber walls will generally be insignificant for deposit thick- 
nesses less than from 75 to 100/u.    Therefore,  most of this study was 
concerned with deposits greater than 100/u thick.    There were,  how- 
ever,   some investigations made for thin films of HgO and CO2 cryo- 
deposits.    Interference reflectance patterns were noted for both H2O 
and CO2 films formed on the black paint and polished copper surfaces. 
Figure 2 shows an example of the thin film interference patterns ob- 
served for a water cryodeposit film formed on a black epoxy substrate. 
The  reflectance  is  shown as  a function of the time  of flow of the 
test gas which,  in turn,  can be related to the film thickness.    The 77°K 
black surface had an initial reflectance of 5 percent and,   as seen in 
Fig.  4,  this was reduced to 1. 5 percent at the first interference mini- 
mum.    The film thickness at which this occurs is A/4n where X is the 
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wavelength of the incident radiation,   0. 5 2 ß,  and n is the film refrac- 
tive index,   1. 31.    Therefore, the first minimum for this particular 
case occurred at a film thickness of approximately 0. 1 ß.    After the 
interference patterns died out,  the reflectance continued to decrease 
until a minimum of approximately 3. 2 percent was reached at a deposit 
thickness of about 15 ß.    For deposit thicknesses greater than this,  the 
reflectance increased,  and at a thickness of about 30 to 40 ß, the 
original reflectance value of the bare surface,   5 percent,  was reached. 
The reflectance then continued to rise with increasing deposit thick- 
ness. 

In addition to the thin film interference patterns,  scattering inter- 
ference patterns have been observed in angular distribution measure- 
ments of reflected radiation from thin cryodeposits (Ref.   2).    These 
scattering patterns have been observed for thicknesses of up to 100 ß, 
whereas the thin film reflectance patterns for visible radiation die out 
at much smaller thicknesses.    These two types of interference phe- 
nomena have proved to be valuable in the determination of cryodeposit 
refractive index,  thickness,  and density (Ref.   2). 

3.2 WATER CRYODEPOSITS (0.11 to 1.32 mm Thick) 

In contrast to the results obtained for thin cryodeposit films,   sig- 
nificant changes in reflectance were observed for water cryodeposits 
between 0. 11 and 1. 32 mm thick.    The reflectances of water cryo- 
deposits formed on an LN2-cooled black epoxy paint surface are shown 
as a function of deposit thickness and wavelength in Figs.   5a through d 
for radiation incidence angles of <// = 0,   20,   40,   and 60 deg,  respectively. 
For this series of tests the flow rate of the water vapor was 1.01 x 10~3 
gm/sec.    It is apparent that for small deposit thicknesses,  the reflect- 
ance increase is much greater at the shorter wavelengths,  as seen in 
Fig.   5a.    For example,   at a deposit thickness of 0. 22 mm,  the 0. A-ß 
reflectance curve has increased from an initial value of 4 percent up to 
79 percent,  whereas the 1. 15-ß wavelength curve shows an increase up 
to only 23 percent.    For deposit thicknesses between 0. 22 and 0. 66 mm, 
the reflectance continues to increase,  and at 0. 88 mm it appears that the 
reflectance has reached a plateau where any further thickness increase 
will not affect its value.    However,  increasing the thickness to 1. 32 mm 
caused a sharp rise in the cryodeposit reflectance to the point where it 
was essentially equivalent to that of MgO.    This increase was probably 
caused by a change in the formation properties of the deposit,  such as 
crystal structure or particle size. 
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From Figs.   5a through d the shape of the reflectance curves is 
seen to be independent of the incidence angle,   although in most cases 
the overall reflectance level was higher for the larger angles of inci- 
dence.    The angle-of-incidence effect was found to be greatest for the 
smaller deposit thicknesses and can be seen more clearly in Figs.   6a 
through d which are for wavelengths of 0. 4,   0. 6,   0. 8,   and 1. 0 /u, 
respectively.    In these figures,  the reflectance is shown as a function 
of angle of incidence with deposit thickness as a parameter.    For the 
bare surface (0. 0-mm deposit thickness),  the reflectance is fairly 
constant for incidence angles out to 40 deg.    Beyond 40 deg the re- 
flectance begins to increase rapidly and at 60 deg has essentially 
doubled.    For small H2O cryodeposit thicknesses,   such as 0. 11 and 
0. 22 mm in Figs.   6a through d, the reflectance is also seen to in- 
crease substantially with increasing angle of incidence.    As the deposit 
thickens,  the reflectance curves flatten out and become independent of 
the angle of incidence.    At the greater deposit thicknesses,   0. 88 and 
1. 32 mm,  the reflectance is between 90 and 100 percent relative to the 
reflectance of MgO and is essentially independent of both angle of inci- 
dence and wavelength.    At these thicknesses the reflectance has in- 
creased by a factor of 15 to 20 times that of the reflectance of the bare 
black epoxy paint surface. 

The reflectance of the water cryodeposits varied somewhat with 
the test gas flow rate.    For the lower flow rates, the reflectance curves 
were similar to those shown in Figs.   5 and 6.    At a higher flow rate the 
data showed considerable absorption in the wavelength range from 0. 8 
to 1. 1 jU.    This is in the spectral region where the absorption coeffi- 
cient of water is known to be appreciable (Ref.  6).    Figure 7 shows the 
reflectance of water cryodeposits formed at the higher flow rate 
(1. 44 x 10-     gm/sec) on black epoxy paint and polished copper sub- 
strates.    At wavelengths of 0. 8 and,   especially,   1. 0/J,  there is a pro- 
nounced decrease in the reflectance from that observed in Fig.  5.    The 
increased absorption is thought to be due to the higher flow rate, 
causing a change in the deposit formation properties,  such as crystal 
structure or particle size.   A similar absorption increase in this wave- 
length region was predicted by Dunkle and Bevans in their theoretical 
reflectance model for snow (Ref.   6).    For a fixed absorption coefficient 
the reflectance in this spectral region was found to decrease greatly for 
increasing particle size. 

For the three wavelengths considered in Fig. 7 (0.4,   0.8,  and l.Oju), 
there is a crossover of the reflectance curves for the  copper and the 
black paint.    Initially,  the bare copper surface had a much higher re- 
flectance than the black paint for all wavelengths.    As the cryodeposit 
thickness  increased,  the  reflectance  curves  at  a given wavelength 
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crossed over and,   for any further increase in thickness,  the cryodeposit 
formed on the black paint exhibited a higher reflectance than a deposit 
of the same thickness formed on polished copper.    Since the reflectance 
of the bare  copper substrate was  higher than that  of black epoxy for 
all wavelengths,  the  only plausible  explanation is that the  deposit 
formed differently on the two  surfaces.    If the  deposit had formed 
identically on the two  surfaces,  then it  does  not appear feasible that 
the black epoxy substrate  and cryodeposit  could attain a higher re- 
flectance than the copper surface coated with a deposit of the same 
thickness.    From Dorsey's discussion on the formation of ice and frost 
(Ref.  7),   a possible explanation is that the deposit which formed on the 
black epoxy was  crystalline  in form,  whereas  the  deposit formed 
on the copper may have been amorphous.    Since the amorphous struc- 
ture appears transparent or glassy,  the reflectance would be less than 
that  of the  white  crystalline frost observed on the black paint 
substrate.    There is probably a mixture of both crystalline and 
amorphous forms in both cases,  but one type may be more predomi- 
nant for a particular substrate.    The formation of amorphous ice on a 
copper surface at liquid air temperatures has been observed previously 
(Ref.   7).    Dorsey points out the considerable research done on the 
formation of ice under various conditions.    The results indicate that 
the ice structure will depend on the pressure at which the deposit is 
formed and especially on the temperature of the surface on which the 
ice is deposited. 

3.3  C02CRYODEPOSITS 

The spectral reflectance of carbon dioxide cryodeposits in the 
visible and near infrared spectrum has been previously reported in 
Refs.   1,   3,  and 4.    In general,  the reflectance of the CO2 deposits was 
somewhat similar to that of water cryodeposits,   although no absorption 
bands were found for CO2 in the wavelength range from 0. 36 to 1. 15 ju. 
Over most of the wavelength range studied,  the reflectance of the CO2 
cryodeposits was less than the water cryodeposit reflectance.    In 
Fig.   8 the reflectances of CO2 cryodeposits formed on a black epoxy 
substrate are  shown as  a function of deposit thickness  and wave- 
length for angles of incidence of 0,   20,   40,   and 60 deg.    Again,   as was 
the case for the water deposits,  the reflectance was greatest for the 
shortest wavelength radiation and decreased with increasing wavelength. 
In Figs.   8a through d the X = 0. 4 ß curves are seen to be much higher 
than the 0.6^,  which,  in turn,   is higher than the 0. 8 ß curve.    Again, 
a reflectance plateau was obtained for a deposit thickness of about 1 mm. 
A further increase in the thickness changed the reflectance only slightly. 
In Figs.  8a through d no intermediate points were taken for thicknesses 
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between 0. 67 and 1. 83 mm.    However,  other results not presented in 
this report have shown the reflectance versus thickness curves to be 
relatively smooth for CO2 deposits.   As was the case for water deposits, 
the curves in Fig.   8 for the four angles of incidence are similar in 
shape but different in magnitude.    The effect of angle of incidence on 
CO2 cryodeposit reflectance is further illustrated in Fig.   9,  where the 
reflectance is plotted as a function of angle of incidence for deposit 
thicknesses of 0,   0. 15,   0. 30,   0. 61,  and 1. 83 mm and for wavelengths 
of 0. 4,   0. 6,   0. 8,  and 1.0M.    In contrast to what was found for the 
water cryodeposits,  the reflectance was a strong function of the angle 
of incidence at the larger deposit thicknesses.    For example,  in 
Fig.   9d the reflectance of a 1. 83-mm-thick deposit for l.OjU radiation 
is 85 percent at an angle of incidence of 60 deg,   as compared with a re- 
flectance value of 61 percent at normal incidence.    In all of the curves 
shown in Fig.   9,  this same trend can be seen.    Unlike the water 
deposits,  no effect of test gas flow rate was noted on the reflectance 
of CO2 cryodeposits. 

3.4  DISCUSSION OF ERRORS 

For any particular sample,  the experimental reflectance data were 
reproducible within ±0. 005 for a low value and ±0.02 for a high value of 
reflectance.    The cryodeposit reflectances were measured relative to 
the reflectance of MgO with the reference measurement being made be- 
fore the formation of the cryodeposits.    In any measurements made 
thereafter,  it was assumed that the operating parameters of the optical 
system were the same as for the MgO reference measurements,  i. e. , 
the efficiency of the light source,  integrating sphere and detector 
remained constant throughout the experiment.    Although some changes 
were noted,  the cryodeposit reflectance measurements were accurate 
to within ±3 percent. 

The deposit thicknesses were calculated using Eq.  (2),  and the un- 
certainty in them depends almost entirely on the uncertainties in the 
deposit density and the mass flow rate of the test gas.    Test gas flow 
rate can be measured accurately,  but the cryodeposit densities are,  in 
some cases,  difficult to determine.    Densities of CO2 cryodeposits 
were reported in Ref.   2,  but water cryodeposit densities have not been 
firmly established.    Although these uncertainties exist,  thickness meas- 
urements obtained from interference reflectance patterns indicate that 
the calculated deposit thicknesses are accurate to within ±10 percent 
for the H2O deposits and ±5 percent for the CO2 deposits. 
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SECTION IV 
REPRESENTATION OF THICKNESS DEPENDENCE OF H20 

CRYODEPOSIT REFLECTANCE USING EQUATIONS OF HULBURT 

Hulburt has obtained an analytical solution for the forward and back- 
ward radiant fluxes in a scattering and absorbing medium (Ref.   8).    In 
this study,  his equations will be used to theoretically represent the thick- 
ness dependence of water cryodeposit reflectance.    For normal colli- 
mated irradiance,  the reflectance obtained from Hulburt's solution 
reduces to 

(1 - r/c) ffc sinh y£ + ^ D(y cosh y£ -  A sinh y£ - yT) 

Y cosh y£ + L(l - r]i) o& + (SdJ sinh y£ 

where 
U _   r [ yC - T(CA - B ~ /3d) sinh yl - T(C - 1) y cosh yfl 
1o (g+/3,j) sinh y£ +y cosh y£ 

A = ßc + ac 

B  =   r/cffc  +   (1 - 7/d) ^d 

<TC [?7c(/3d + ßc +oc) + (i - 7?d) o-d] 

D 

(/3c + crc)
2-y2 

y[d - VcHßd - /8C - gc) + (i - gdj Q-dl 

(0c + ^>2-y2 

T =  exp -  (/3C  + <7C) £ 

y =  [/8d 12(1  -  r^d  +  ßj}]^ 

g  =   (1  -  r) (1  -  r/d) ffd 

and the subscripts c and d refer to collimated and diffuse radiation, 
respectively.    The attenuation coefficients of the medium due to ab- 
sorption are ßc and ß^,  the attenuation coefficients due to scattering 
are crc and cy,  and the respective fractions of collimated and diffuse 
radiation scattered in the forward direction are nc and n^-    The thick- 
ness of the medium is Si,  and the reflectance of the diffusely scattering 
substrate is r. 

In calculating the reflectance values of water cryodeposits,   it was 
assumed that 

j8d  =   2/3candffd   =   2ac (4) 



AEDCTR-68-144 

which Hulburt shows to be true for uniformly diffuse radiation.    The 
absorption coefficients,  ßc,   of ice were obtained from Sauberer (Ref.  9). 
For the black substrate,  the value of the reflectance,   r,  was taken as 
0. 04 for all wavelengths.    It was assumed that r^ = 0. 5,  i. e.,  the frac- 
tion of the diffuse radiation scattered backward is the same as that 
scattered forward.    Also,   it was assumed nc = 0. 9,  which means that 
for collimated radiation,  the particles in the deposit scatter strongly 
forward (Ref.   10).    The scattering coefficient,   crc,  is not known for the 
water cryodeposit and would be difficult to determine since it depends 
in a complex manner on the effective size of the particles (particle diam- 
eter to wavelength ratio) in the deposit,  their shape and their refractive 
indices.    Even if all these variables were known,  there is no exact solu- 
tion for the scattering coefficient in a multiple scattering problem such 
as this one.    Hence,   crc was varied to find the best representation of the 
experimental results with the objective being to determine the validity 
of using Hulburt's equations for calculating cryodeposit reflectances as 
a function of thickness. 

Figure 10 shows the theoretical representation of the experimental 
thickness dependence of water cryodeposit reflectances for wavelengths 
of 0. 4,   0. 6,   and 0. 8 ß.    The experimental reflectances presented in 
this figure are the relative experimental values converted to absolute 
values by assuming that the reflectance of the MgO was 0. 96 at all wave- 
lengths.    From Fig.   10,   it is seen that at the larger deposit thicknesses, 
I > 0. 22 mm,  Hulburt's equations give a good representation of the 
experimental results for all three wavelengths.    The experimental point 
at 1.32 mm is an exception but,   as mentioned earlier,  the deposit of 
this particular thickness probably had a crystal structure which was 
quite different from that of the thinner deposits.    Neglecting this experi- 
mental point,  the largest difference between the theoretical and experi- 
mental results for thick deposits (i > 0. 44 mm) is only 5. 7 percent. 
Most of this difference is within experimental uncertainty.    For thin 
deposits (i < 0. 2 mm),  agreement should not be expected between the 
theoretical and experimental results because Hulburt's formulation 
does not take into account the effects of interference (Refs.   1 and 2) 
and individual particle scattering (Ref.   11),  i. e.,  phase differences be- 
tween various rays in the deposit.    However, the extent of the thickness 
region for which these effects are important is probably limited by the 
effective deposit thickness (thickness to wavelength ratio).    If such is 
the case,  the thickness at which theoretical and experimental results 
would begin to agree should decrease as the wavelength of the incident 
radiation decreases.    This is indeed seen to occur in Fig.   10. 

10 
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SECTION V 
CONCLUSIONS 

The following conclusions can be drawn from this study of the 
spectral optical reflectance properties of water and carbon dioxide 
cryodeposits: 

1. Reflectances of from 75 to 100 percent relative to MgO were 
obtained for H2O and CO2 deposits 1 to 2 mm thick.    These 
values indicate that the presence of cryodeposits on LN2- 
cooled space chamber walls could substantially increase the 
radiation load on a test vehicle. 

2. Water and CO2 cryodeposit reflectances are strongly depend- 
ent on thickness up to approximately 1 mm.    A further increase 
in thickness results in a relatively small reflectance change. 

3. Carbon dioxide deposit reflectances depend strongly on the 
angle of incident radiation for all thicknesses,  whereas H2O 
reflectances are essentially independent of the incidence angle 
for large deposit thicknesses. 

4. Thin film interference effects were observed for thin films of 
both H2O and CO2 formed on polished copper and black painted 
surfaces.    In most cases the presence of the film caused a 
decrease in the reflectance. 

5. Water cryodeposit reflectances showed a dependence on the 
test gas flow rate and/or pressure at which the deposits were 
formed.    At the higher flow rate,   an increase in absorption 
was observed in the wavelength range from 0. 8 to 1.0|U with 
little change,  if any,   for other wavelengths.    The increased 
absorption was probably due to an increase in particle size. 
No significant dependence on flow rate was seen for the CO2 
deposits. 

6. The model developed by Hulburt (Ref.   8) for absorbing and 
scattering media can be used to represent the reflectance de- 
pendence on thickness for H2O cryodeposits thicker than 
0. 22 mm. 

11 
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APPENDIX 
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